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The mechanisms of control of arteriolar vasomotion are poorly understood. Pacemaker cells with voltagedependent calcium channels at arteriolar bifurcations are proposed to serve as discrete local origins of the oscillatory excitation (8, 16) . Although the incidence of vasomotion and flow motion has been analyzed in a variety of different tissues (6, 12, 21, 24) , the results of these studies are still inconsistent, particularly with regard to the involvement of the microcirculation of cutaneous tissue (2, 13) and the question as to whether these regulatory mechanisms are physiological or pathological in nature. Until one decade ago, it was suggested that vasomotion and flow motion represent mainly physiological conditions (10, 14) and are abrogated under conditions of malperfusion (4, 20) . Recent reports, however, support the view that vasomotion and flow motion are rarely active during normal perfusion but are induced during conditions of critical perfusion, i.e., fixed-volume hemorrhage (3) and local arterial pressure reduction (25) . Hence, at present it is hypothesized that vasomotion and flow motion appear in a respective tissue due to critically ischemic conditions to compensate locally for inadequate microvascular blood perfusion (24) and, as shown in a mathematical model, to guarantee appropriate tissue oxygenation (27) .
It remains to be determined, however, in which type of tissue vasomotion and flow motion can be induced and whether their appearance in a particular tissue influences the microcirculation of neighboring tissues. We therefore analyzed the incidence and interaction of arteriolar vasomotion and capillary flow motion during critical perfusion in neighboring peripheral tissues using intravital fluorescence microscopy.
METHODS

Animals.
Fourteen Sprague-Dawley rats with a body weight of 280-320 g were used for the microcirculatory studies. All animals were housed one per cage and had free access to tap water and standard pellet food (Altromin, Lage, France). The study complied with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and was approved by the local animal care committee.
Surgical technique. The surgical preparation of the peripheral tissues was performed according to the technique described previously in detail (23) . Under pentobarbital sodium anesthesia (50 mg/kg body wt ip; Abbott, North Chicago, IL) the animals were placed in the supine position on a heating pad to maintain the body temperature between 36 and 37°C. Supplementary pentobarbital sodium (5 mg/kg body wt) was given intraperitoneally if required. The animals were tracheotomized to facilitate spontaneous respiration. Polyethylene catheters (PE-50, 0.58-mm inner diameter; Portex, Lythe, UK) were inserted into the right carotid artery and the left jugular vein to allow monitoring of arterial blood pressure as well as continuous infusion of isotonic saline solution (1 ml ⅐ 100 g body wt Ϫ1 ⅐ h Ϫ1 ) and injection of drugs and fluorescent dyes for intravital microscopy.
The left hindlimb was shaved and epilated, and a circular skin island overlying the gracilis and semitendinosus muscles was incised circumferentially down to the underlying muscle fascia. The terminal branches of the saphenous vessels were ligated and divided distally to the skin island. After the distal part of the tibia was exposed and cut with wirecutting forceps just proximal to the tibiofibular junction, the gracilis anticus, gracilis posticus, and semitendinosus muscles were dissected medioproximally. The proximal part of the tibia was then exposed and cut as described for the distal end. During the following dissection of muscle insertions from the lateral to the posterior aspect of the tibia, the anteromedial insertions of the gracilis and semitendinosus muscles as well as the periosteum were left undisturbed. Therefore, the peripheral tissues, including the tibial bone segment with periosteum, connected gracilis and semitendinosus muscles, and the overlying skin island with adjacent subcutis, were isolated on the saphenous vessels as a single unit.
To mobilize the tissue preparation for exterioration and adequate exposure under the microscope, an additional linear skin incision was made proximally of the skin island along the saphenous vessels to the inguinal crease, giving access to the whole length of the vascular pedicle and the underlying thigh muscles. Dissection of the pedicle was completed by ligating and dividing the popliteal, genicular, muscular, and superficial epigastric branches from the femoral vessels, leaving all femoral blood flow into the saphenous vessels.
Exterioration of the tissue preparation for intravital microscopy. We dissected the skin island from the underlying muscles, saving the cutaneous branches of the saphenous vessels and the surrounding subcutaneous tissue. This allowed plain exposure of the upside of skin and subcutis, the downside of muscles (gracilis and semitendinosus), and the periosteum of the medial aspect of the tibia on an adjustable stage placed near the left groin. The tissues were covered with a glass slide to prevent drying and exposure to ambient air. The stage was adjusted horizontally, and the animal on the heating pad was transferred to the microscope for the in vivo analysis of the microcirculation.
Intravital fluorescence microscopy. For epi-illumination fluorescence microscopy, a modified Zeiss Axiotech microscope (Zeiss, Jena, Germany) with a 100-W mercury arc lamp (23) was used. The microscope was equipped with a blue filter combination (450-to 490-nm excitation/Ͼ520-nm emission wavelength) for visualization of fluorescein (23) and a near ultraviolet filter combination (360-to 380-nm excitation/ Ͼ450-nm emission wavelength) for monitoring of NADH fluorescence (28) . The microscopic images were recorded by a charge-coupled-device (CCD) video camera (model FK 6990; COHU, Prospective Measurements, San Diego, CA) and transferred to a video system (S-VHS Panasonic AG 7350; Matsushita, Tokyo, Japan) for off-line evaluation. With the use of a long-distance working objective (Plan Neofluar ϫ10/ 0.3; Zeiss) and water-immersion objectives (W ϫ20/0.5 and W ϫ40/0.75; Zeiss), magnifications of ϫ216, ϫ432, and ϫ864 were achieved on a 14-in. video screen (PVM 1444; Sony, Tokyo, Japan).
The microcirculation of the periosteum, muscle, subcutis, and skin was analyzed after intravenous injection of 0.25 ml of 5% fluorescein-isothiocyanate (FITC)-labeled dextran (molecular weight 150,000; Sigma Chemical, St. Louis, MO). The contrast enhancement achieved by this macromolecular tracer guaranteed high-resolution imaging due to staining of the intravascular space (plasma) in the absence of transendothelial macromolecular leakage. To avoid phototoxic tissue damage, attention was paid to a strict limitation of the exposure time to 60 s per microscopic field.
Video analysis. Incidence of arteriolar vasomotion and capillary flow motion was evaluated off-line. With computer assistance (CapImage, Zeintl, Heidelberg, Germany; Capiflow, Capiflow AB, Kista, Sweden), video analysis further included frequency and amplitude of arteriolar vasomotion and capillary flow motion (normalized to the mean arteriolar diameter and the mean capillary blood flow, respectively), functional capillary density [defined as the total length of capillaries with blood flow per unit area of observed tissue (cm Ϫ1 )], arteriolar and capillary diameters (m), and red blood cell velocities (V RBC , in mm/s). Arteriolar and capillary blood flow (ABF/CBF, in pl/s) were calculated from V RBC and diameters (D) for each vessel as ABF/CBF ϭ ϫ (D/2) 2 ϫ V RBC . In case of arteriolar and capillary flow motion, which showed a pattern close to sinusoidal, diameters and red blood cell velocities were measured during maximal and minimal flow conditions. Additionally, the overall blood flow calculation (average over the cycle) took into account the time periods of high (maximal) and low (minimal) flow during the respective vasomotion/flow motion cycle.
NADH fluorescence was used as an indicator of the redox status to characterize the metabolic conditions of the tissue (7) and was determined in vivo microscopically by measuring the gray level of parenchymal cells in arbitrary units ranging from 0 to 255, as described previously in detail (28) .
Induction of critical perfusion. Critical perfusion was induced by reducing the left femoral artery blood flow using a micromanipulator-assisted tourniquet. For on-line control of blood flow, a perivascular flow probe (Transonic Systems, Ithaca, NY) adapted to an ultrasonic flowmeter (T206 animal research flowmeter, Transonic Systems) was applied to the left femoral artery downstream from the tourniquet. This allowed exact assessment of the reduction of total blood flow to the peripheral tissues.
Drug application. Felodipine, a vasoselective, long-acting, highly lipophilic, and hydropyridine-based calcium channel blocker (MG 384.3), was kindly provided by Astra (Wedel, Germany). Following the protocol of Messing and co-workers (19) , felodipine was dissolved in a mixture of polyethylene glycol, ethanol, and distilled water of 15:15:100 (vol/vol/vol). Felodipine was given intravenously as a single dose of 90 g/kg body wt.
Experimental protocol. In a first set of experiments, we elucidated 1) whether arteriolar vasomotion and capillary flow motion appear during critical perfusion conditions in all peripheral tissues studied and 2) whether capillary flow motion directly depends on the onset of arteriolar vasomotion. Therefore, the blood flow of the femoral artery supplying the peripheral tissues was stepwise reduced from normal conditions (0.21 Ϯ 0.02 ml/min, n ϭ 7) to 0.15, 0.10, and 0.05 ml/min. Intravital fluorescence microscopy of periosteum, muscle, subcutis, and skin was performed before induction of critical perfusion as well as at the different steps of arterial inflow reduction.
In a second set of experiments, we clarified 1) whether microvascular perfusion and, in consequence, the metabolic (redox) state of the tissues are maintained by induction of capillary flow motion during reduced arterial blood supply, and 2) whether the appearance of arteriolar vasomotion and capillary flow motion in a particular tissue influences the microcirculation of neighboring tissues. Therefore, in a further seven animals, arterial blood flow to the peripheral tissues was reduced to 0.15 ml/min to induce arteriolar vasomotion. To test its influence on the different tissues, vasomotion was then abolished by applying the calcium channel blocker felodipine intravenously. Intravital microscopic analysis of periosteum, muscle, subcutis, and skin was performed during the critical perfusion conditions (0.15 ml/min femoral arterial inflow) before and after drug application.
Statistical analysis. Results are expressed as means Ϯ SE. Statistics first included testing for normality of distribution and equal variance. ANOVA or Kruskal-Wallis ANOVA was then performed, followed by appropriate post hoc comparisons. In case of repeated measurements, correction of the ␣ error was included. Differences were considered significant at P Ͻ 0.05.
RESULTS
Incidence of arteriolar vasomotion and capillary flow motion during critical perfusion conditions. Before induction of critical perfusion conditions, recordings of systemic hemodynamics revealed a mean arterial blood pressure of 102.1 Ϯ 5.4 mmHg, which was not affected after the arterial blood flow in the left femoral artery was reduced to 0.15, 0.10, and 0.05 ml/min.
Intravital microscopic baseline recordings under normal conditions showed homogeneous perfusion of nutritive capillaries without arteriolar vasomotion and capillary flow motion in all tissues analyzed. Lack of perfusion of individual capillaries was not observed. In all animals studied, reduction of arterial blood flow to 0.15 ml/min induced arteriolar vasomotion in skeletal muscle ( Fig. 1) but not in the periosteum, subcutis, and skin. Vasomotion was evident in both terminal and transverse muscle arterioles analyzed. The frequency was 1.92 Ϯ 0.10 min Ϫ1 in terminal arterioles and 2.21 Ϯ 0.27 min Ϫ1 in transverse arterioles, whereas the amplitude (normalized to the mean arteriolar diameter) was 57.5 Ϯ 14.6 and 60.7 Ϯ 11.3%, respectively. The arteriolar slow-wave vasomotion corresponded well with the onset of fluctuations of blood flow in all of the downstream muscle capillaries (Fig.  1) , demonstrating a flow motion frequency of 2.04 Ϯ 0.13 min Ϫ1 and an amplitude (normalized to the mean capillary blood flow) of 169.8 Ϯ 5.4%. Strikingly, the blood flow within individual muscle capillaries was significantly decreased, whereas the individual capillary blood flow in cutaneous, subcutaneous, and periosteal tissue, in which arteriolar vasomotion and capillary flow motion did not appear during the arterial inflow reduction, remained unaffected (Fig.  2) . However, despite the reduced blood flow within the individual muscle capillaries, the functional capillary density of muscle tissue was maintained after onset of flow motion compared with baseline, similar to that in the periosteum, subcutis, and skin (Fig. 3) .
After further reduction of femoral artery blood flow to 0.10 ml/min, muscle arteriolar vasomotion and capillary flow motion persisted in four of the seven animals. In cases where capillary flow motion persisted, reduction of femoral artery blood flow did not influence flow motion frequency (2.18 Ϯ 0.39 min Ϫ1 ), whereas the amplitude of capillary blood flow was significantly increased (P Ͻ 0.05) to 183.1 Ϯ 1.5%. Analysis of individual blood flow within these muscle capillaries revealed a further decrease, whereas the blood flow within the capillaries of the periosteum, subcutis, and skin still remained preserved (Fig. 2) . However, despite the further reduction of blood flow within the individual muscle capillaries, the functional capillary density remained constant not only in the periosteum, subcutis, and skin but also in the muscle tissue (Fig. 3) . In contrast, when muscle capillary flow motion disappeared at 0.10 ml/min of femoral artery inflow, individual capillary blood flow was significantly less reduced in muscle tissue but severely diminished (P Ͻ 0.05) in cutaneous, subcutaneous, and periosteal tissue (Fig. 2) . The reduction of individual blood flow in the periosteum, subcutis, and skin was associated with shutdown of perfusion within single capillaries, as indicated by a significantly reduced (P Ͻ 0.05) functional capillary density (Fig. 3) . Strikingly, under the conditions of disappearance of muscle capillary flow motion, shutdown of perfusion within single capillaries also occurred in muscle [significant decrease (P Ͻ 0.05) of functional capillary density (Fig. 3) ], despite the observed increase of mean blood flow within the remaining, still-perfused vessels.
Reduction of arterial blood supply to 0.05 ml/min resulted in the disappearance of muscle capillary flow motion in almost all tissue preparations analyzed (6 of 7) and was accompanied by a further drastic decrease (P Ͻ 0.05) of individual capillary blood flow (Fig. 2) and functional capillary density (Fig. 3 ) in all tissues under investigation. Strikingly, the decrease of both individual capillary blood flow and functional capillary density related to baseline was similar to that in muscle (21.7 Ϯ 0.9 and 35.0 Ϯ 4.8%) compared with that in the periosteum (28.4 Ϯ 1.1 and 20.8 Ϯ 10.6%), subcutis (24.0 Ϯ 3.3 and 26.7 Ϯ 12.2%), and skin (26.1 Ϯ 5.0 and 29.5 Ϯ 12.8%), indicating that under these extreme low-flow conditions, none of the tissues remained preferentially perfused.
Influence of muscle arteriolar vasomotion and capillary flow motion on microcirculation of neighboring tissues. In the second set of experiments, the femoral artery inflow was kept at reduced conditions of 0.15 ml/min. Intravenous injection of felodipine resulted in a significant (P Ͻ 0.05) decrease of mean arterial blood pressure with only slight recovery over time (Table 1) . However, independent of the changes of systemic blood pressure, the volumetric blood flow in the left femoral artery (0.15 ml/min) was kept constant throughout the experiments by appropriate adjustment of the tourniquet. 
H553 CAPILLARY FLOW MOTION IN PERIPHERAL TISSUES
Reduction of femoral arterial inflow to 0.15 ml/min again induced arteriolar vasomotion and capillary flow motion in all seven animals studied. Intravenous injection of felodipine (90 g/kg body wt) given after induction of critical perfusion-induced vasomotion and flow motion effectively abolished both in all animals. Muscle arteriolar diameters were increased to values similar to those monitored at maximal dilation during the vasomotion cycle (Fig. 4) . Correspondingly, the muscle arteriolar blood flow after felodipine was comparable to that analyzed at maximal dilation during vasomotion (Fig. 5) According to the disappearance of arteriolar vasomotion, capillary flow motion ceased immediately after felodipine application. As a result of the cessation of muscle capillary flow motion, the blood flow in perfused capillaries was significantly (P Ͻ 0.05) increased in muscle but markedly reduced in the periosteum, subcutis, and skin (Fig. 6 ). In parallel with this finding, however, the number of perfused capillaries, as analyzed by the functional capillary density, decreased in all tissues, including the skeletal muscle (Fig. 7) . Detailed analysis of the frequency distribution of capillary blood flow in skeletal muscle revealed a discrete left-skewed distribution preceding felodipine injection, whereas following the cessation of capillary flow motion, the number of capillaries with no flow or high flow was dramatically increased (Fig. 8) .
Analysis of NADH fluorescence revealed a significant increase in the periosteum, subcutis, and skin after the felodipine-induced disappearance of muscle arteriolar vasomotion and/or capillary flow motion, whereas NADH values in muscle itself were comparable to those analyzed before drug application (Table 2) .
DISCUSSION
The major findings of the present study are that 1) critical perfusion conditions in rat peripheral tissues induce arteriolar vasomotion and capillary flow motion in muscle but not in the periosteum, subcutis, and skin, and 2) vasomotion and/or flow motion in muscle preserves capillary perfusion density and parenchymal oxygen state in the muscle itself as well as in the neighboring tissues.
The lack of vasomotion and flow motion under normal conditions with their onset occurring only after induction of critical perfusion confirms the results of recent reports that the rhythmical change of microvessel diameter and blood flow is a regulatory (compensatory) mechanism active under pathological perfusion . Individual capillary blood flow in skeletal muscle, skin, subcutis, and periosteum before (filled bars) and after (open bars) felodipine application during critical perfusion conditions. In case of flow motion (before felodipine), the calculation of individual capillary blood flow takes into account the time periods of high and low flow. Regions adjacent (a) to supplying periosteal vessels were distinguished from regions distant from these vessels (d). Values are means Ϯ SE; n ϭ 7. *P Ͻ 0.05 vs. before felodipine. Fig. 7 . Functional capillary density in skeletal muscle, skin, subcutis, and periosteum before (filled bars) and after (open bars) felodipine application during critical perfusion conditions. Regions adjacent (a) to supplying periosteal vessels were distinguished from regions distant from these vessels (d). Values are means Ϯ SE; n ϭ 7. *P Ͻ 0.05 vs. before felodipine.
conditions (3, 25) and contradicts the previously proposed view that its physiological nature is to control the microcirculation under normal conditions (10, 14) .
Vasomotion and flow motion have been described in distinct tissues with the use of different animal models, including muscle (5, 13, 24) , pancreas (18, 29) , mucosa (6), brain (21) , and testis (12) , whereas this type of microvascular blood flow regulation has not been observed in the kidney or liver either under physiological conditions or during hemorrhage (13) . The present study confirms the inducibility of vasomotion and flow motion in skeletal muscle and adds the novel information that neither occur in the periosteum and subcutis. In skin, intravital microscopy in humans could clearly demonstrate the presence of capillary flow motion under various conditions (2) , whereas analysis of peripheral tissues in rodents verified hemorrhage-induced flow motion in muscle but not in skin (13) . Hence, analysis of the ability of a particular critically perfused tissue to control its microcirculation by arteriolar vasomotion and capillary flow motion has to consider species-confined differences, although, independent of the species, muscle seems to be preferentially prone to development of this type of vascular control mechanism, as also demonstrated in the present study.
The tissue preparation under investigation in the present study is supplied by the saphenous artery and drained by the saphenous vein (common supply and drainage vessels). The individual tissues of the preparation are supplied by direct (distinct) individual branches of the saphenous artery (22) . Thus the occurrence of vasomotion and/or flow motion is not necessarily dependent on local tissue factors. More probably, local pacemakers in individual arterioles (17) , which may be present in the vasculature of the muscle but not the periosteum, subcutis, and skin, have to be discussed as the cause for the selectively observed onset of vasomotion and/or flow motion.
The reduction of arterial inflow from 0.21 to 0.15 ml/min induced a reduction of muscle capillary blood flow from 17 to 6 pl/s, whereas capillary blood flow in the periosteum, subcutis, and skin remained almost unchanged. Nonetheless, the overall reduction of capillary blood perfusion may correspond with the reduction of blood flow measured in the femoral artery, because the tissue preparation studied consists majorly (Ͼ50%) of muscle tissue. However, we cannot exclude the existence of arteriolar-venular shunts, which may additionally contribute to the maintenance of nutritive perfusion, because the superficial approach by intravital microscopy does not allow for complete network analysis.
Previous reports have described two distinct types of vasomotion and/or flow motion (9, 30) . Fast-wave vasomotion, which is thought to originate from terminal arterioles, is characterized by a frequency of 8-20 cycles/min, whereas slow-wave vasomotion, which may originate from transverse arterioles, shows a frequency of 1-3 cycles/min. In the present study, we demonstrated a vasomotion frequency of ϳ2 cycles/min, independent of the arteriolar order, whereas fast-wave vasomotion could not be detected. This is in line with recent reports of others (5, 24) , which also could not confirm the presence of fast-wave vasomotion in critically perfused skeletal muscle. In fact, fast-wave flow motion (flux motion) as detected by laser-Doppler flowmetry may not be the result of rhythmical diameter changes of arterioles under critical perfusion conditions but, rather, may be related to respiration-induced fluctuations of blood flow through venules (11) .
Critical perfusion-induced muscle arteriolar vasomotion disappeared immediately after intravenous injection of felodipine, a vasoselective calcium channel blocker. Values are means Ϯ SE; n ϭ 7. Tissue areas adjacent (a) to supplying periosteal vessels were distinguished from areas distant from these vessels (d). * P Ͻ 0.05 vs. before felodipine.
This confirms the dependency of vasomotion on voltageoperated calcium channels, as previously demonstrated by Colantuoni et al. (8) and Goligorsky et al. (16) . The fact that not only arteriolar vasomotion but also capillary flow motion ceased directly after felodipine application indicates that capillary flow motion is the direct consequence of arteriolar vasomotion. The suggestion that arteriolar vasomotion is indeed the effector of capillary flow motion is further supported by the observation that vasomotion frequency of transverse arterioles was synchronized not only to the vasomotion frequency of terminal arterioles but also to the flow motion frequency of the downstream capillaries.
The abrogation of muscle arteriolar vasomotion by felodipine induced a maximal arteriolar dilation, which was associated with a dramatic increase of blood flow in both the terminal and transverse arterioles. Consequently, perfused downstream muscle capillaries, in which flow motion also disappeared, showed a significant increase of blood flow. Concomitantly, individual capillary blood flow in the neighboring tissues decreased, and even complete shutdown of blood flow in single capillaries was observed, as reflected by the reduced functional capillary density. This may be explained by a shift of overall blood supply from the periosteum, subcutis, and skin toward skeletal muscle after cessation of vasomotion and/or flow motion, probably due to the reduction of vascular resistance caused by the maximal felodipine-induced arteriolar dilation (15) .
The fact that under critical perfusion conditions, functional capillary density and individual capillary blood flow in the periosteum, subcutis, and skin were preserved during muscle arteriolar vasomotion and capillary flow motion but decreased after cessation of vasomotion and/or flow motion indicates that vasomotion and flow motion in muscle protect the microvascular perfusion of the neighboring tissues, which are not capable of eliciting these regulatory mechanisms by themselves. Apart from the protection of nutritive perfusion of neighboring tissues, muscle arteriolar vasomotion and flow motion may also preserve nutritional blood supply within the muscle itself. Although the individual blood flow of perfused muscle capillaries was significantly higher after felodipine-induced cessation of vasomotion, this could not prevent the shutdown of blood flow in adjacent muscle capillaries, as shown by the decreased functional capillary density.
The effect of arteriolar vasomotion and capillary flow motion on tissue oxygenation under critical perfusion conditions has not been studied yet in detail. From a mathematical model, it was concluded that slow-wave flow motion constitutes a compensatory mechanism to guarantee adequate tissue oxygenation (27) . By analyzing NADH fluorescence as an indicator of mitochondrial redox state (7), we demonstrated here that abrogation of muscle vasomotion and flow motion under critical perfusion conditions decreases oxygenation of the periosteum, subcutis, and skin, whereas redox state in muscle was not affected. The alteration of oxygenation of the periosteum (distant from the supplying vessels), subcutis, and skin is probably due to the decrease of individual capillary blood flow and capillary density. In the periosteum adjacent to the supplying vessels, the morphologically given high capillary density with the numerous preferential pathways may secure oxygenation of tissue, whereas in muscle, the increase of individual capillary blood flow may have compensated for the decrease in functional capillary density, also resulting in the maintenance of tissue oxygenation after cessation of vasomotion and/or flow motion.
In summary, we have demonstrated that under critical perfusion conditions, calcium-dependent muscle arteriolar vasomotion and capillary flow motion are associated with redistribution of blood flow from muscle to neighboring peripheral tissues, i.e., periosteum, subcutis, and skin, which are not able to develop these protective regulatory mechanisms on their own. The redistribution of blood flow results in maintenance of an adequate microvascular supply, which guarantees appropriate tissue oxygenation despite the overall critical perfusion conditions.
